Abstract. Temperature profiles in several premixed low pressure H2/O2/N 2 flames and in an atmospheric pressure CH4/air flame were determined by laser-induced fluorescence (LIF) and by CARS experiments. In the LIF study, temperatures were derived from OH excitation spectra, CARS temperatures were deduced from N2 Q-branch spectra. The present study is the first quantitative comparison of these two methods for temperature determination in flames burning at pressures up to I bar. The resulting temperatures showed good agreement. PACS: 82.40Py, 33.50Dq
Detailed chemical kinetic modelling requires reliable experimental data for comparison with the model predictions. The knowledge of the species concentrations and the gas temperature in a flame contributes to the understanding of the chemistry of combustion processes. Temperature is one of the most important quantities in flame studies: it is needed to determine the total mole fraction of the reactive radicals under investigation, and the temperatures at different locations in the flame are necessary as input parameters for the model calculation. Many investigations used different optical methods to measure temperatures in flames. The advantage of these techniques over intrusive probe measurements is the fact that they can be applied without disturbing the combustion process. Eckbreth [1] and Laurendeau [2] give a good review of the recent progress in this field.
In conjunction with measurements of radical concentrations by laser-induced fluorescence (LIF), it is useful to employ the same technique (rather than CARS or other processes) for the complementary temperature measurements. Basically, there are two approaches to the problem. Fluorescence spectra may be used to determine excited electronic state populations, but they require excessive modelling of the different collision processes involved [-3-5] . Excitation spectra yield ground state population distributions which more likely reflect the true gas temperature.
Recently, strategies for reliable LIF temperature determination have been proposed [6] . In this investigation, two LIF methods were used which differ mainly in the laser power density used for the excitation. In the "linear excitation method", the fluorescence intensity depended linearly on the laser power density. The "nonlinear excitation method" [-7 ] made use of partially saturated laser-induced fluorescence: the laser power density was increased to a regime where the fluorescence intensity was no longer linearly dependent on the laser power density. Temperature measurements with these two excitation methods have been compared in a variety of systems with different temperature and chemical environment; in general, good agreement was found [6] . An additional validation of the LIF results by independent optical techniques as CARS or Raman methods is attempted in this study.
Up to now, there have been only few investigations of LIF temperature measurements in comparison with other independent measuring techniques. Some years ago, Bechtel [-8] presented temperature profiles in an A. Lawitzki et al. atmospheric pressure CH4/air flame measured by laser-induced fluorescence and by laser Raman scattering. In a very recent investigation, LIF measurements of OH in CH4/air flames at higher pressures up to 10 bar were compared with resonance CARS experiments [9] .
LIF is often chosen as a diagnostic tool for combustion processes because of its two-dimensional mapping capabilities. But the LIF technique may be handicapped by the influence of gas kinetic collisions, especially at higher pressures. In contrast to that, the CARS technique is not influenced by quenching. CARS is a well-established technique for the determination of temperatures, particularly in hostile, technical combustion environments. Like the laser-induced fluorescence, the CARS process enables spatially precise time-resolved measurements in a single shot technique. With both methods, temperatures can be derived from rotational population distributions.
In this study, laser-induced fluorescence has been used to determine temperatures from rotational excitation spectra probing the electronic ground state of OH radicals, whereas CARS temperatures were derived from N2 Q-branch spectra. The experiments were performed in several premixed low pressure Hz/O2/N2 flames and in a CH4/air flame at atmospheric pressure. This study presents the first quantitative comparison of temperature measurements in low pressure flames with the two independent diagnostic techniques LIF and CARS.
Experimental
The experimental setup, as far as the LIF measurements are concerned, has been described earlier [6] . The main features shall be repeated briefly.
OH radicals were excited in the (A2N + -X2II, band with a frequency-doubled, Nd:YAG-pumped dye laser (Spectra Physics) using pulse energies of ~1 mJ at 280nm and a spectral bandwidth of ~0.7 cm-x. All temperatures were determined from excitation spectra, where the laser was scanned across different OH rotational transitions in the S-branch or in the P-and R-branches. For the nonlinear excitation method, the laser was focussed by a f = 200 mm lens, providing a spatial resolution of 100-200 gin. In the case of linear excitation, the unfocussed laser had to be attenuated by a factor of nearly 100 to ensure that the fluorescence signal depended linearly on the laser power density. Spatial resolution was provided by a 0.65 mm diameter pinhole in the laser beam. The laser intensity was monitored with a calibrated vacuum photodiode in both cases.
For both types of excitation, the fluorescence was collected with a f= 100 mm lens at right angle to the laser beam direction. Spectral resolution of the fluorescence was provided by a broadband interference filter (35 nm FWHM, centered at 318 nm). The bandpass of the filter covered the entire (1-1) and (0-0) bands. The fluorescence intensity was detected with a fast photomultiplier and processed with a gated integrator (Stanford Research System) using different sampling gates between 5 and 30 ns. Typically, 10-30 pulses were averaged for one spectral position.
For the determination of temperatures from CARS spectra, the following experimental setup was used. A multimode frequency-doubled Nd :YAG laser (Lumonics) delivered up to 280 mJ/pulse at 532 nm. Approximately 65% of the power was used to pump a broadband dye laser (FWHM: 148 cm-1) centered at 607 nm, which served as the Stokes beam for the CARS process. The residual power at 532 nm was used as the pump frequency. The pump and Stokes beams were focussed in a planar BOXCARS geometry [10] with a lens of 300 mm focal length, forming a crossing half angle of about 2.4 ° . The spatial resolution was about 1.5 mm in length for the generation of 90% of the CARS signal. The detection system included a double monochromator (SPEX Model 1403), an intensified photodiode array camera (PARC 1421) and a detector controller (PARC 1460). The dispersion of the system was determined using the line spectrum of a Cr hollow cathode lamp between 460 and 475 nm. The exact peak positions were calculated assuming a Lorentzian line shape. The result was an overall dispersion of 0.30 cm-1/pixel. The dispersion varied over the 25 mm length of the diode array. Therefore the mean dispersion in the region of the CARS spectrum was evaluated by fitting a flame spectrum yielding a dispersion of 0.298 cm-1/pixel with an accuracy of 0.3%.
For the CARS data generation in flames at atmospheric pressure, 600 pulses were averaged, whereas at 95 mbar, 200-1600 pulses were averaged depending on the temperature. To correct the spectra for the spectral intensity distribution of the dye laser, for the transmission characteristics of all optical elements, and for the detector sensitivity, the spectra were divided by a normalized non-resonant CARS spectrum generated in CO2. The laser energies at 532 nm were varied between I and 60 mJ to match the dynamic range of the diode array.
In both types of experiments, LIF as well as CARS, the same low pressure burner and the same atmospheric pressure burner were used. The low pressure H2/O2/N2 flames were supported on a flat flame burner with a brass plate of 4.2 cm diameter in an evacuated housing. Details concerning this burner can be found elsewhere I-11 ]. The flame conditions were the same as for the H2/Oz/Ar flames at 95 mbar described earlier 1-12], with the dilution gas argon replaced by
